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Protonation and Lewis Acid-Base Equilibria in (Bipyrazine)Molybdenum and
(Bipyrazine)Tungsten Tetracarbonyls

By Elaine S. Dodsworth, A.B.P. Lever*, Coran Eryavec and Robert J. Crutchley

Abstract

The title complexes react with boron trifluoride etherate to

generate mono- and di-BF 3 adducts. In H2 SO4 /ethanol solution one

0 proton is coordinated. In each case reaction is assumed to occur

at the peripheral uncoordinated nitrogen atoms of the bipyrazine

unit. New metal to ligand charge transfer bands are observed for

these various species. Analysis of the spectra shows that pKa(1)

for the first uncoordinated nitrogen atom is about -0.3(Mo

complex), and that extensive mixing of ground and excited states

must be occurring to account for the oscillator strengths and

bandwidths observed.

Introduction

Ground and excited state protonation equilibria involving the Ru(bpz) 3
2 +

ion (bpz = bipyrazine) have recently been reported.1  This species binds up

to six protons in a step-wise fashion providing an interesting series of

electronic absorption and emission data. Of especial interest was the

variation in metal to ligand charge transfer (MLCT) energy as a function of

the degree and site of protonation. Step-wise protonation provides a useful

" -K. . -.._. . .... . -. i
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mechanism for 'tuning' excited state redox potentials 2 and is of obvious

interest in the design of photocatalytic redox reagents. Previous studies of

protonation equilibria involving inorganic complexes have discussed

protonation at the nitrogen atom of coordinated cyanide ion in species such

as M(CN)4 L and M(CN) 2 L2 (M = Fe, Ru; L = di-imine) considered the

enhanced acidity of ruthenium(Il) complexes of 4,7-dihydroxy-1,10-

phenanthroline 5 , and analysed the pH dependence of ruthenium bipyridine6 and

bipyrimidine 7 species. As is evident, much of the work has been associated

with ruthenium or its congeners. The binding of Lewis acids to cyanide

complexes and its effect on their charge transfer spectra has also been

studied. 8  For these reasons we considered it useful to probe the protonation

equilibria in a complex other than ruthenium and having only one bipyrazine

unit to provide a data set which might be capable of more detailed analysis

and additional insights.

The species M(CO)4 (bpz) (M = Mo, W)9 are soluble in organic solvents

and give rise to intense absorption in the visible region, attributed to

metal to ligand charge transfer (MLCT) M+bpz(w*). Addition of mineral

acid, or the Lewis acid BF3 (etherate) causes changes in the visible

absorption spectra which can be interpreted in terms of mono- and di-acid

equilibria. FTIR and NMR data are reported in support of the equilibria

proposed.

Experimental

The complexes Mo(CO)4 (bpz) and W(CO)4 (bpz) were prepared according to

literature methods. 9  Acetone and 96% H2 S04 were BDH Analar grade. The acid

was diluted using absolute ethanol. Boron trifluoride etherate was purified
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according to a literature method i0 an stored under nitrogen or dry air.

Electronic spectra were recorded on a Perkin-Elmer Hitachi Model 340

microprocessor spectrophotometer. The cell holder was cooled to ca. 10°C

to minimise decomposition of the complexes. 1H NMR spectra were recorded on

a Varian EM360 60 MHz spectrometer at ambient temperature. Tetramethylsilane

at 0.00 ppm or the residual protons of d6-acetone at 2.05 ppm were used as

internal references. FTIR spectra were recorded on a Nicolet SX20

instrument, (courtesy of the Nicolet Co. of Canada) as acetone solutions in a

sodium chloride cell. Computer simulations were obtained with a Commodore

model 8032 microcomputer and an Epson MX80 matrix printer utilised in a

plotting mode.

Results and Discussion

The visible absorption spectra of the title species show two bands in

the visible region, bands I and II (Tables I and II). These transitions have

been studied previously 9 ,1 1- 16  and are clearly associated with

M(t2g
6 )+bpz(b2r*) (MLCT I) and M(t2g

6 ) bpz(a 2 w*) (MLCT II), being

transitions from the metal d shell to the two lowest lying 7r orbitals of

bpz. These are separated by some 7000-8000 cm-1 .

The species show marked solvatochromic behaviour with the two MLCT

transitions shifting to the blue by up to 3000 cm-1  as the dielectric

constant of the solvent is increased1 6  behaviour similar to the

corresponding bipyridine (bipy) complexes.11,12 There is indeed a simple

linear correlation between the shifts of the MLCT transitions in

M(CO)4 (bipy) with solvent, and those of the complexes under study here.16

The presence of the two peripheral nitrogen atoms, absent in the bipyridine

" -. . . . . , . . . ." 0 " . . , ' - " '
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species, was expected to cause deviations in the linear relationship

between the two series, when acidic solvents were considered.

As far as glacial acetic acid and trichloroacetic acid (in ethanol) are

concerned, no marked differences were noted and presumably protonation does

not occur in these media. However, while the addition of mineral acids, HCI,

HC10 4 and H2SO4 , to an ethanolic solution of M(CO)4(bipy) causes only small

solvatochromic shifts (to the blue) in the MLCT band energies, addition to

M(CO)4 (bpz) causes new bands to be observed.

Solutions of HCI, HCI04 , and H2SO4 in either water or ethanol cause

gradual decomposition of the complexes, as indicated by a decrease in the

intensity of the MLCT bands with time. The rate of decomposition increases

with increasing acid concentration, being significant within minutes in 4M

acid. We were not able to identify an acid system which was free of

decomposition effects. Such decomposition also continues under an inert

atmosphere (CO, N2 ). Solutions of H2 SO4 in ethanol were finally chosen for

further study of the protonation since the complexes are readily soluble in

this solvent, and decomposition is very slow at low acidities (<3M).

Although some esterification must take place in the mixed EtOH/H2SO4 medium,

it does not seem to be a problem for our study, except that the proton

concentration will be uncertain.

Addition of the Lewis acid, BF3 (as boron trifluoride etherate), to

*' solutions of the bpz complexes causes spectroscopic effects apparently

similar to those of protonation. In both experiments the results for Mo and

W complexes are qualitatively the same.

When boron trifluoride etherate is added dropwise to the, initially,
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pink solution of M(CO)4(bpz) (M Mo,W) in acetone, bands I (MLCT I) and II

(MLCT II) diminish in intensity, and a new band (band la) appears at about

618 nm, shifting to lower energy with continued addition of the BF3.

Subsequently, at higher concentrations of the etherate, bands I and II

essentially disappear and there remain band la and a new band at about 490 nm

(band 1b). In pure boron trifluoride etherate as solvent, only bands Ia and

lb are seen, the latter being the more intense. These data are summarised in

Table I and Fig. 1. When the solution is diluted, band Tb diminishes in

intensity and bands I and II of the parent species reappear. Thus the

reaction seems quite reversible with little or no decomposition.

Band la is associated with MLCT I of the mono-BF3 adduct and band Ib

with MLCT I of the di-BF3 adduct. There is no evidence in the data obtained

here for bands corresponding to MLCT II appearing in either adduct (at least

to the red of the parent transition). The red shifting of band la, upon

further addition of BF3 etherate, probably reflects a solvatochromic effect,

expected to shift this transition to lower energies as the polar acetone is

diluted with the less polar diethyl-ether.
1 4

Attempts to isolate a solid adduct from reaction of Et20.BF3 with

Mo(CO)4bpz or W(CO)4bpz were unsuccessful; reactions of the solids with

liquid Et20.BF3 (at room temperature, in vacuo) produced black oils.

Data for protonation of Mo(CO)4 bpz and W(CO)4 bpz are presented in Table

II and typical spectra are shown in Fig. 2. As the acidity of the solution

is increased a new peak (band Ta) appears in the spectrum, red shifted with

respect to MLCT I. Isosbestic points are observed at 586 and 584 nm for Mo

6

6"
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and W species respectively. Band Ia continues to increase in intensity (and

also red shifts slightly), while MLCT I decreases. Above about I.5M acid,

the isosbestic point is lost, probably because decomposition is beginning to

occur. Band I decreases to a shoulder in 2.5M H2 S04. Above this

concentration a second new band (Ib) appears close to the position of MLCT I

but significantly blue shifted. This band then increases in intensity

relative to band Ia. At acid concentrations greater than 4M the rate of

decomposition of the complex becomes significant relative to the time taken

to record the spectrum; thus the investigation could not be continued.

The effect of acid on MLCT II, the d~a2 * transition, is less easily

observed due to its proximity to stronger bands in the UV region (bpz 7r+71

and M*CO MLCT) though it does show a decrease in intensity roughly parallel

with MLCT I. No new bands are observed close to MLCT II. This absorption

feature disappears altogether from the spectrum in >4M (Mo) and >3.25M (W)

H2SO4 -

When acid solutions ([H+]<IM) are diluted or neutralised, bands I and

11 reappear and band Ia diminishes. However, if stronger acid solutions, in

which band lb is present, are diluted or neutralised, the reversal is

incomplete and the spectra are broad in the region of band I. Furthermore if

a solution in fairly strong acid is monitored with time, band Ib increases

slightly over short time intervals (minutes) as band Ia decreases. This

increase is not associated with growth in band II and cannot therefore

reflect an increase in the concentration of the parent complex. Over longer

time periods both bands Ia and Ib diminish. We return to this problem below.

Tetracarbonyldi-imine complexes of C2v symmetry have four allowed CO

... ...9 : _ i. ' _ i ., . .: : .. ..i; i : ...
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stretching modes in their IR spectra: Al, B1 , A1 and B2. In Mo(CO)4bpz the

two higher frequency bands correspond primarily to the trans carbonyls and

the two lower bands primarily to the cis carbonyls. 9 , 17 ,1
' FTIR spectra

of the CO stretching region and corresponding electronic spectra were

recorded for solutions of Mo(CO)4bpz in acetone and in the presence of

varying amounts of Et2O.BF 3. Apart from some broadening of the CO bands as

BF3 was added, there was no significant change in the spectrum during the

growth of band Ia. When there was added a sufficient excess of Et20.BF 3

corresponding to the appearance of band Ib in the electronic spectrum,

the energies of all four v(CO) increased (Table Ill).

Assignments of the parent carbonyl spectrum (Table III) have already

been discussed.9 . As expected for the CO band force constants, k1 (CO groups

trans to di-imine) < k2 (CO groups perpendicular to di-imine plane). We

anticipate that boron trifluoridation will increase the acceptor power of the

di-imine and lead to an increase in both k1 and k2 . The assignment shown in

Table III for the BF3 adduct fulfills this expectation though the fit to the

Kraihanzel-Cotton matrices1 8 is not quite as good as for the parent species.

This poorer fit probably reflects the fact that the dominant species in

solution is the mono-adduct which possesses at best Cs symmetry, rather

than the C2v symmetry assumed by the theoretical analysis. Other

assignments provide even poorer fits to the matrices or result in kl>k2.

This would imply that bpzBF3 is a better acceptor than CO which is an

improbable result.

Note that these data permit one to derive the ligand effect constants

defined by Timney for deducing carbon monoxide stretching force constants. 19
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The bpz and BF3 adduct may be compared with bipyridine and CO, as follows:-

Cis constant Trans constant

bipy -24 N m7_ -62 N m -

bpz -13.5 -59
bpzBF3  -5 -52.5
CO 33.5 126.1

The variation is consistent with the ligands becoming better W-acceptors in

the sequence bipy < bpz <bpzBF 3<<CO.

IH NMR spectra were recorded in acetone (d6 ) solution and in the

presence of an excess of Et20.BF 3 (Table IV). The complex itself shows three

resonances in the aromatic region.9  On addition of Et20.BF3 the same three

resonances are observed, recognisable by their splitting patterns, but H3 and

H6 are shifted downfield (H6 shows around twice the shift of H3) while H5

remains at almost the same position. These shifts can be interpreted in

terms of a combination of several effects, as discussed by Martin et al. 2 0

who have recently reported the 1H NMR spectra of a series of substituted

pyridines and their BF3 and BBr 3 adducts.

The CO stretching frequency data for Mo(CO)4bpz (see above) indicate

that the electron density on the metal decreases when the BF3 adduct is

formed. This may be due to either weaker a donation from the bpz or to

increased w back-donation to the bpz, either one of which will add to the net

deshielding of proton H6. Increased back-donation (and thus a net increase

in ring current) seems more probable since this may explain why 13 shifts

downfield when R5 does not, H3 being in a stronger field due to the 7r

electrons of both rings.

The NMR data for BF3 addition appear to indicate that only one
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(symmetric) species is present in solutions containing an excess of

Et20.BF 3. Since the reaction is reversible, it is possible that the rate of

exchange of BF3 is fast on the NMR time scale so that an average signal is

seen, due to the equilibrium between the mono- and di-BF3 species.

The above results are interpreted in terms of a series of equilibria

between the complex and the mono and di-adduct species. For example, in the

case of protonation:

M(CO)4bpz [M(CO)4bpzH]+ 2H+  [M(CO)4 bpzH 2 ]2+

Band Ia is attributed to the MLCT transition in the monoprotonated complex.

It increases in intensity as the acid concentration is increased and the

equilibrium moves to the right, while bands I and II, due to the neutral

species, decrease.

Approximate pKa values may be calculated for the first protonation

step where isosbestic points are present in the spectra. Values obtained at

283K (assuming [H+ ] = [H2S04]) are around -0.3 for Mo and +0.1 for W

complexes, though there is some variation in the apparent pKa with acid

concentration (due to experimental error and to other equilibria between the

acid and solvent). These values are reasonable, lying between those of free

bpz (pKa = 0.45) and [Ru(bpz) 3 ]
2+ (pKa = -2.2)1. Although bonding to

metal(0) might be expected to increase the pKa of bpz, evidently

back-bonding to the CO groups takes most of the M(O) n electron density.

The molecular orbitals of bipyrazine may be constructed by combining the

orbitals of two pyrazine units in and out-of-phase, resulting in a low lying

i orbital of b2 symmetry and a higher lying i orbital of a2 symmetry.

This latter orbital is constructed of the at, i* orbital of pyrazine (in



Inorg. Chem. 26/10/84 10
J

D2h symmetry), which possesses a nodal plane through the two nitrogen

atoms. 2 1  It is likely that the dominant contribution to the bipyrazine a2 I
1T state also possesses nodal planes through the nitrogen atoms, providing

a partial explanation of the differing effects of the initial protonation (or

boron trifluoridation) upon the two MLCT transitions.

In the neutral species, the b2 1 orbital is symmetrically delocalised

over the whole bipyrazine unit. In the monoprotonated species, this orbital

will be stabilised by addition of a proton. A protonated bipyrazine unit may

be created by combining pyz with pyzH +. Although the symmetry is now lowered

to Cs, two molecular orbitals corresponding to the original b2 wt and a2

71 of the neutral ligand are still obtained and we continue to use the same

labels. The atomic orbital contributions to the molecular orbitals will be

such that the pyzH + moiety will contribute primarily to the lower energy b2

, while the a2  state is probably less perturbed and will still be

roughly equally delocalised. The state corresponding to band Ia will

therefore involve an electron localised mainly in the protonated pyrazine

ring. Compare, for example, the red shift observed on protonation of

2+ 2pyrazine in [Ru(NH 3)5(pyz)] *22 The metal d orbitals are also expected to

be stabilised somewhat as the protonated bpz becomes a stronger W acceptor

(see below). The net red shift then corresponds to the difference in

stabilisation of the metal and ligand (b2 w *) orbitals.

The first nitrogen atom to be protonated in an excited bipyrazine unit

is more basic in the excited state than in the ground state, due to the

presence of the excited electron, resulting in a red shift of the MLCT

transition (Forster). 2 3 The second excited state (MLCT II) is not a stronger
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FIGURE LEGENDS

Figure I
Visible absorption spectra of Mo(CO)4bpz showing the effect of
Et20.BF 3  addition. Initial spectrum in acetone.
Predominant species = Mo(CO)4 bpz.BF 3. --- Limiting spectrum

corresponding (mainly) to

Mo(CO)4 bpz.BF 3  Et2 0.BF 3  Mo(CO)4bpz.2BF 3

Figure 2

(a) Visible absorption spectra of lx10-4M Mo(CO)4 bpz in H2 SO4 /ethanol as a
function of [H2 S04 ]. Curves 1-5 correspond to [H2 SO4] of 0, 0.5, 0.75, 1.0

and 1.25 mol 1- respectively.
(b) As (a) with [H2 SO4] = I.5M , 2.OM -.-.-.- 2.5M .

Figure 3

The simulated electronic spectra of Mo(CO)4 bpz and its monoprotonated
derivative. The spectra correspond with Fig. 2 (a) with the following
percentage composition reading from the top spectrum at 377nm down. (i) 100%
parent unprotonated; (ii) 92% parent, 8% monoprotonated; (iii) 86% parent,
14% monoprotonated; (iv) 81.55% parent, 17.95% monoprotonated, 0.5%
'diprotonated'; (v) (and lowest at 377 nm) 75% parent, 24% monoprotonated, 1%
'diprotonated'. The molar absorbances and bandwidths are as indicated in
Table V; gaussian band shape was simulated.

Figure 4

The gaussian construction of the spectrum labelled (v) in Fig. 3. The dotted

lines correspond with the parent species, the circles to the monoprotonated
species, and the crosses to the 'diprotonated' species.



Table V Spectroscopic Parameters

Solvent Transition Energy Half Oscillator
(C) Bandwidth Strength

MO(CO)4bpz A MLCT 1 18,300(7400) 2880 0.10
MLCT Ix 20 ,7 00(<20 0 0 )a 2 88 0a (0.03b
MLCT 11 26,530(6160) 4550 01

Mo(CO)4bpz B -TCT I 19,230 3260
MLCT 11 27,130 6200

MO(C0X.(bpzH)+ A (Ia) I4LCT 1 15,650(12,580) 2340 0.13

MO(CO)4(bpzBF3) C (Ia) KLCT I 15,400 2300
Mo(CO)4(bpz(BF3)2) C (Ib) MLCT I 20,400 6000

W(CO)4bpz A MLCT I 17,920(9280) 2400 0.10b
MLCT 11 26,200(6670) 3800 01

W(C0)4bpz B MLCT I 18,800 2800
KLCT 11 27,000

W(C0)4(bpzH)+ A (Ia) MLCT I 15,750 1900

W(C0)4(bpzBF3) C (Ia) MLCT I 15,630 1850

W(C0)4(bpz(BF3)2) C (Ib) KLCT 1 20,400 4060

A =EtOH, B = Acetone, C = Acetone/Ether/BF 3  Data in m .
a) Estimated from deconvoluting MLCT I and MLCT Ix and fitting spectra.
b) Approximate; includes some contribution from uv region.



Table IV. H NMR Spectra of Mo(CO)4 bpz and W(CO),_bpza

H3 H5 H6

Mo(CO)4 bpz 10.05 8.90 9.27

+ Et20.BF 3 (excess) 10.42 8.97 10.14

W(CO)4bpz 10.08 8.85 9.35

+ Et20.BF 3 (excess) 10.41 8.80 10.19

(a) Data in ppm from Me4 Si. Recorded in d6 acetone.



Table III Carbonyl Stretching Frequencies and Force Constantsa

Al BI  Al B2  kI  k2  ki  Al

(calc).

Mo(CO)4 bpz 2020 1919 1896 1851 14.17 15.55 0.34 1890

+ Et20.BF 3b 2024 19 34c 19 2 1c 1863 14.32 15.72 0.31 1890

a) Vibrational frequencies cited in cm-1 , force constants in millidynes/
A. Solvent acetone. b) Note that the dominant species in the presence of
excess Et20.BF 3 is the mono-BF3 adduct; however, some di-adduct will be
present. c) The assignments of the 1934 and 1921 vibrations may be
reversed. The reverse assignment leads to kI = 14.36, k2 i 15.60, ki =

0.35 md/A., Al(calc.) f 1891 cm 1.



Table I. (a) Spectroscopic Data for Mo(CO)4 bpz in Ethanol/H.SO4

Concn. of Band II Band I/lb Band la
H2 S04
(mol 1-1) kmax(nm) C Xmax(nm) C Xmax(nm)

0 377 6180 547 7430

0.5 377 5880 542 6870 (sh)
1.0 377 5350 542 6080 630 3340
1.5 377 5270 542 5610 634 4950
2.0 377 4800 546 5080 637 6560
2.5 377 4520 548(sh) 4850 640 7680
3.0 377 3800 540(sh) 4800 642 8860
3.5 376(sh) 3420 522 5980 647 9700
4.0 376(sh) 2660 522 7410 658 9630

(b) Spectroscopic Data for W(CO)4 bpz in Ethanol/HqSO

Concn. of Band II Band I/Ib Band Ia
H2 SO4
(mol 1-1) Xmax(nm) C )max(nm) C Xmax(nm) e

0 380 6670 558 9280
0.5 379 6470 554 8520 (sh)
1.0 379 5980 556 7650 628 6600
1.5 379 4870 557 6700 631 8590
2.0 379 4690 560(sh) 6230 633 10280
2.5 380 4320 520,540(sh) 5720,6180 634 12320
3.0 380(sh) 3510 502,520(sh) 6960,6910 636 12620
3.5 506 9370 640 12910
4.0 503 10510 644 11680

c = molar absorbance (1 mol- I cm-1 ). (sh) = shoulder

Molar absorbances are not corrected for decomposition. Spectra were recorded
Immediately after mixing and errors are <2% for 2M H2 SO4 and <5% for 4M H2 SO4 .



Tsble I* Electronic Spectra of M(CO)4 bpz in the Presence of

Et20.BF3

Approx.
Concn. of Mo(CO)4bpz W(CO)4 bpz

Et20.BF kmax(nm) A max (nm)

(mol 1- Colour II I/Ib Ia II I/Ib Ia

0 pink 368.5 520 371 533

- 0.07 pink 369 523 (sh) 371 534 (sh)

0.13 mauve 370 527 618 371 539 616

0.17 blue 371 (sh) 625 371 (sh) 620

0.20 blue 371 494 640 (sh) 482 630

* 0.33 grey-blue (sh) 490 653 - 480 640

7.9a grey-blue 322 490 654

Spectra recorded using approx. 10-4 M M(CO)4 bpz in acetone. Solutions were deoxyge-

nated with dry N 2 before addition of Et20.BF3. (a) Complex dissolved in pure

Et20.BF 3 -

0 '

0

Si. . . ...
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contribution from valence bond forms of the type [Mo+-bpz -] which is also

a description of the MLCT I excited state. Note that since MLCT I is

primarily b2 b2*, extensive mixing between ground and excited state is

permitted by symmetry. A greater mixing of ground and excited state will

lead to a smaller difference in bond lengths between these states, as is

proposed. It will also lead to greater intensity, since the overlap between

ground and excited state wavefunctions is obviously increased.2 5

The BF3  data support the conclusions reached on the basis of

protonation. Band Ia, MLCT I in the mono-BF3 species, is also more intense

and narrower than MLCT I in the parent species (Table V). Band Ib, MLCT I in

the di-BF3'species, is apparently very strong and broad. Its high oscillator

* strength may be attributed to even greater mixing of metal and bpz orbitals

caused by the strongly accepting nature of the two BF3 groups. The broadness

may reflect significant splitting of the d (t2g in Oh) manifold since one

of the three d orbitals (b2 ) is strongly favoured for mixing, and hence

stabilisation relative to the other two.

In conclusion, the protonation and BF3 data provide evidence for

significant mixing between metal and ligand orbitals and the stabilisation of

a complex whose back-donating character may be very significant.
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we include a contribution from MLCT Ix, and a very small contribution from

the decomposition product (band Ib) to achieve a good fit to the experimental

data (Fig. 3). The molar intensity of MLCT Ix is assumed to be about 25%

that of MLCT I; it cannot be much larger for then it would be revealed as a

shoulder. It is assumed to have the same energy difference from MLCT I as

observed in non-polar media. In this approximation, the intensity of band Ib

is assumed to be the same as that of band Ia (MLCT I monoprotonated). Its

inclusion in the calculated spectrum is necessary to shift the high energy

tail of the band I absorption to higher energy with higher acidity. The

half-bandwidth of band lb was estimated from the high acidity data. The

various penrameters used to simulate the spectrum are shown in Table V. The

agreement between calculated gaussian and observed spectra is amazingly

good.

Because of the increased decomposition rate, it is not useful to try and

simulate the spectra for higher acidities.

The data in Table V merit further consideration. Knowing the molar

intensities and half-bandwidths, it is possible to estimate the oscillator

strengths and these are also listed. The MLCT I transition in the

monoprotonated species (band Ta) is definitively both narrower and much

stronger than the corresponding band in the neutral species. The sharper

transition provides evidence that the difference in ground and excited state

equilibrium distances in this species is smaller than in the parent species.

This fact probably reflects a greater degree of covalency in the Mo-N bond

with enhanced back-donation because of the greater acceptor power of the now

positively charged ligand. The ground state probably has a much greater
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contain some contribution from the diprotonated species.

Despite this decomposition it is possible to obtain further useful

information from the electronic spectra of the protonated species.

The molecular orbital analysis of this system has been discussed

previously. 15 ,24  The low symmetry (C2v) causes complete loss of

- ,degeneracy in the metal d (t2g in 0
h ) orbitals, resulting in three

possible d+n * transitions under the MLCT I (band I) envelope. In fact,

only two of these are electronically allowed, and are evident in the spectra

recorded in polar solvents as pronounced asymmetry in the band I envelope.

In non-polar solvents where band narrowing occurs, the second transition

appears as a weak higher energy shoulder.1 5 ,16'24  The shoulder and band

are assigned as the x-polarised a2 (dw)+b2 (bpzw*) (band Ix, MLCT Ix) and

z-polarised b2 (di).b2(bpzw*) (MLCT I) transitions respectively.
15

Fig. 3 shows a computer simulation of the experimental data in Fig. 2a.

The gaussians used are shown for one particular spectrum, in Fig. 4. The

simulation was obtained in the following manner. The molar intensities and

half-bandwidths of the parent species spectrum are known from the spectrum in

ethanol. The existence of isosbestic points at low acidities and the

comparatively large separation between the band I and band Ia peaks permits

the estimation of the corresponding quantities for the monoprotonated

species, assuming the absence of any diprotonated species, a good assumption

at low acidity.

The spectra are then created using these data and the calculated

percentages of parent and monoprotonated species derived from the

experimental spectrum. In a second order correction of the calculated data,

"0 ' " " . •" .. .
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base than the ground state since a red shifted band does not appear. 2 3 This

is reasonable if the orbital indeed has nodal planes through the nitrogen

atoms.

The well behaved nature of the spectra obtained with BF3 .etherate and

the clean reversibility leave little doubt that band Ib in this experiment

corresponds with the di-BF 3 adduct, M(CO)4 (bpz(BF3 )2 ). This is blue shifted

because the presence of one BF 3 group, withdrawing electron density from the

bpz ligand, will inhibit binding of the second. Thus the stability constant

for binding the second BF3 unit in the excited state (formally bound to

Mo(1)) is less than the corresponding value in the ground state (bound to

Mo(O)); hefrce a blue shift in the Forster scheme.

Band lb in the higher molarity H2 SO4 data is not so readily identified.

The presence of one proton in the monoprotonated species will inhibit the

binding of the second proton to a greater degree than in the BF3 situation,

because of the added positive charge. The second pKa value for free

bipyrazine is -1.35, thus Ka(2)/Ka(1) = 63. This ratio is likely to

prevail in the carbonyl complex. With this ratio, pKa( 2 ) = ca -2.0 and

essentially no (<5%) diprotonated complex would be seen even at the highest

acid concentrations used ia this study. Thus either band lb is

extraordinarily intense as MLCT I of the diprotonated species, or it is not

associated with the diprotonated species. Since it increases slightly in

intensity with time, and band I is not cleanly reproduced upon dilution or

neutralisation, we suggest that band Ib arises at least in part, from a

decomposition product. The band Ib envelope, however, probably does
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